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Weatherall Institute of Molecular Medicine, University of Oxford, Oxford, United KingdomABSTRACT Cholesterol tagged with the BODIPY fluorophore via the central difluoroboronmoiety of the dye (B-Chol) is a prom-
ising probe for studying intracellular cholesterol dynamics. We synthesized a new BODIPY-cholesterol probe (B-P-Chol) with
the fluorophore attached via one of its pyrrole rings to carbon-24 of cholesterol (B-P-Chol). Using two-photon fluorescence polar-
imetry in giant unilamellar vesicles and in the plasma membrane (PM) of living intact and actin-disrupted cells, we show that the
BODIPY-groups in B-Chol andB-P-Chol are oriented perpendicular and almost parallel to the bilayer normal, respectively. B-Chol
is in all threemembrane systemsmuch stronger oriented than B-P-Chol. Interestingly, we found that the lateral diffusion in the PM
was two times slower for B-Chol than for B-P-Chol, althoughwe found no difference in lateral diffusion inmodelmembranes. Stim-
ulated emission depletion microscopy, performed for the first time, to our knowledge, with fluorescent sterols, revealed that the
difference in lateral diffusion of the BODIPY-cholesterol probes was not caused by anomalous subdiffusion, because diffusion
of both analogs in the PM was free but not hindered. Our combined measurements show that the position and orientation of
the BODIPY moiety in cholesterol analogs have a severe influence on lateral diffusion specifically in the PM of living cells.INTRODUCTIONUnderstanding the lateral organization of cholesterol in the
plasma membrane (PM) is of major importance for develop-
ment of new models of cell membrane structure and organi-
zation (1). One prominent model assumes lipid-based
domain architecture in so-called rafts stabilized by specific
sphingolipid-cholesterol interactions. In its original form,
that model proposed lateral enrichment of cholesterol in or-
dered domains in the PM (2). Attempts to visualize sterol
domains in the PM using the intrinsically fluorescent close
cholesterol mimics cholestatrienol (CTL) and dehydroer-
gosterol (DHE), however, were unsuccessful, and apparent
enrichment was found to be a direct consequence of the
high submicroscopic curvature of the cell surface (3,4).
Characterization of membrane heterogeneity has been per-
formed by several biophysical methods and agreement ex-
ists that eventual formation of nanoclusters depends on
cholesterol and the cytoskeleton (5–7). How cholesterol
itself moves in the PM, however, remains enigmatic.
Although intrinsically fluorescent sterols are theoretically
the probes of choice to answer this question, the unfavorable
photophysical properties of DHE and CTL, which include
ultraviolet absorption and ultraviolet fluorescence, low
quantum yield, and high photobleaching propensity, make
measurement of sterol dynamics within membranes using
these cholesterol analogs very challenging. Most cholesterol
analogs with an extrinsic fluorophore, however, such asSubmitted June 26, 2013, and accepted for publication September 16, 2013.
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behave like cholesterol in model and cell membranes
(8,9). Bodipy-cholesterol (B-Chol) (Fig. 1 A) is a recently
designed cholesterol analog with similar, although not iden-
tical, properties to cholesterol and CTL or DHE (10–12).
B-Chol partitions into the liquid ordered (lo) phase in
ternary model membranes, although with lower affinity
than DHE (12–15). It is transported from the PM to recy-
cling endosomes with similar kinetics and ATP-dependence
as DHE, but shows some miss-targeting to lipid droplets in
cells with high fat content (12,16). Recently, we demon-
strated the potential of B-Chol for tracking vesicular sterol
transport with high accuracy, allowing for comparison
with diffusion models and for determination of the impact
of the cytoskeleton on sterol trafficking (17).
It is well known that cholesterol increases the ordering of
phospholipid acyl chains and thereby increases the lateral
packing of lipids in the bilayer (18). This property of choles-
terol is central for its function in regulating membrane
fluidity, bending rigidity, and permeability. The tilt, i.e., the
rotation of cholesterol’s long molecular axis relative to the
bilayer normal has been proposed to be a main determinant
of the ability of this sterol to order phospholipid acyl chains
and condense lipid bilayers (19). NMR and fluorescence
spectroscopy in concert with neutron scattering experiments
showed that, despite its strong average orientation, choles-
terol undergoes anisotropic motion in the bilayer; fast rota-
tion in discrete jumps is paralleled by rapid out-of-plane
diffusion parallel to the membrane normal, both with GHz
frequency (20,21). Attachment of fluorophores to cholesterolhttp://dx.doi.org/10.1016/j.bpj.2013.09.031
FIGURE 1 Structure, domain partitioning, and self-quenching of
BODIPY-cholesterol probes. (A and B) Structure of B-Chol (A) and B-P-
Chol (B). (C) Partitioning of B-Chol (upper row) and B-P-Chol in GUVs
with lo/ld phase coexistence. GUVs were prepared from DPPC, DOPC,
and cholesterol in mol percentages of 33:33:33 together with 0.5 mol %
of DiIC12 and either B-Chol or B-P-Chol (0.5 mol %) and imaged on a
wide field microscope as described in the Supporting Material. Both sterol
probes enrich in the DiIC12 poor lo phase (green in colormerge in the most
right panels). (D) Emission spectra of B-P-Chol in LUVs made of POPC
and increasing concentrations of the sterol probe. A characteristic fluores-
cence peak at 515 nm but no red-shifted side maximum as in other
BODIPY-lipids is found. (E) The emission peak at 515 nm was plotted as
a function of the probe mole fraction in LUVs (black symbols and line)
and SUVs (blue symbol and line). Scale bar ¼ 10 mm.
Dynamics of BODIPY-Cholesterol Probes 2083is expected to increase the molecular tilt and thereby locally
perturb the membrane structure. This has been observed in
molecular dynamics (MD) simulations of B-Chol compared
to cholesterol (10). Thus, to assess the potential of fluores-
cent analogs of cholesterol to mimic the properties of endog-
enous cholesterol requires taking the orientation of the
flurophore into account. Here, we report the synthesis and
characterization of a new, to our knowledge, BODIPY-
cholesterol analog with a pyrrole-linked BODIPY group to
carbon-24 of cholesterol (B-P-Chol) (Fig. 1 B). We have as-sessed several membrane properties of B-P-Chol, including
self-quenching propensity and partitioning between lo and
liquid-disordered (ld) phases in model membranes, and
compared them with B-Chol, the classical BODIPY-choles-
terol derivative. We demonstrate using two-photon absorp-
tion at multiple polarization states that the orientation of
the BODIPY-moiety depends on the membrane cholesterol
content with larger probe restriction in the presence of
cholesterol. Most importantly, we found that under physio-
logical conditions the fluorophore in B-P-Chol is oriented
parallel to lipid acyl chains, whereas in B-Chol it is oriented
perpendicular to lipid acyl chains. Additionally, the orienta-
tion strength was much higher in B-Chol compared to B-P-
Chol. The difference in orientation has a strong influence
on the lateral diffusion constant of the Chol-analogs in the
PM. Using fluorescence recovery after photobleaching
(FRAP) and fluorescence correlation spectroscopy (FCS)
we found that B-P-Chol diffuses significantly faster than
B-Chol in cell membranes. The difference in lateral diffusion
is most likely not caused by anomalous subdiffusion pro-
cesses, as variable spot size FCS measurement on a stimu-
lated emission depletion (STED) microscope (22,23)
revealed normal Brownian motion for both probes. Potential
reasons for these differences in light of current models of
lateral diffusion in lipid membranes are discussed.MATERIALS AND METHODS
Lipid reagents
BODIPY-cholesterol with the fluorophore attached to the central dipyrro-
metheneborone difluoride ring (B-Chol) was synthesized as described
previously (11). The new Bodipy-cholesterol derivative (denoted here as
B-P-Chol; see Fig. 1) in which the fluorophore is linked to C-24 of choles-
terol at C-3 of a pyrrole ring of BODIPYwas synthesized as described in the
Supporting Material. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dio-
leoyl-sn-glycero-3-phosphocholine (DOPC), and a marker for the liquid-
disordered phase, 1,1’-didodecyl-3,3,30,30-tetramethylindocarbocyanine
perchlorate (DiIC12) were purchased from Avanti Polar Lipids (Alabaster,
AL). All other chemicals were from Sigma Chemical (St. Louis, MO).Measurements
The preparation of small, large, and giant unilamellar vesicles (SUVs, LUVs,
andGUVs) aswell as of supportedbilayers, the culture of babyhamster kidney
(BHK) and epithelial kidney (Vero) cells, spectroscopy of B-P-Chol in lipo-
somes, multicolor wide field and two-photon excitation fluorescence micro-
scopy, image analysis for polarization measurement, FRAP, and FCS as well
as STEDmicroscopy and its analysis are described in the SupportingMaterial.RESULTS
Phase partitioning and fluorescence properties of
B-P-Chol
An essential physical characteristic of any suitable fluo-
rescent analog of cholesterol is the ability to partitionBiophysical Journal 105(9) 2082–2092
2084 Solanko et al.into the lo phase in model membranes made of phospho-
lipids with varying melting temperature. In GUVs one
can induce lo/ld phase coexistence and find microscopically
observable phase separation. Because cholesterol induces
formation of the lo phase, fluorescent sterols with a close
resemblance of cholesterol should partition preferentially
into the lo phase. For example, the intrinsically fluorescent
sterols, DHE and CTL have been shown to partition into
the lo phase with high preference (12,24). As shown in
Fig. 1 C, B-P-Chol partitions preferentially into the lo
phase at the expense of the fluid ld phase. As a marker
for the liquid ld phase, we chose DiIC12, because it local-
izes exclusively to that phase in GUVs made of DPPC/
DOPC/cholesterol (1:1:1) (12). We found a very similar
partition preference for B-P-Chol and B-Chol; quantifica-
tion of BODIPY fluorescence for both probes in GUV im-
ages suggests a distribution of both sterols of ~1.5:1 to 2:1
between the lo and ld phases. To rule out that fluorophore
self-quenching or similar photophysical nonlinearities
(e.g., homoenergy transfer) compromise fluorescence mea-
surements, we recorded emission spectra of B-P-Chol at
varying concentrations in SUVs and LUVs (Fig. 1 D).
Peak fluorescence of B-P-Chol at 515 nm was proportional
to sterol probe concentration in liposomal membranes up to
10 mol %. Above that concentration, self-quenching of
B-P-Chol was found, as inferred from a plateau of the
probe’s fluorescence emission for increasing mole fraction
of the sterol in the bilayer (Fig. 1 E). Because we used only
0.5 mol % of the sterols in the partition experiments, self-
quenching does not influence these measurements. We
previously reported self-quenching of B-Chol in POPC
liposomes at >3 mol % (12). Some BODIPY-tagged lipids
have been observed to emit red-shifted fluorescence for
increasing probe concentration in membranes (25). For
example, a characteristic red-shifted emission peak was
observed for BODIPY-tagged sphingolipids in bulk spec-
tral measurements and subsequently used to determine
probe concentration in model and cellular membranes
(26). Interestingly, we did not find a red-shifted emission
peak for B-Chol (12) or for B-P-Chol in similar bulk
spectral measurements (Fig. 1 D). The molecular basis
for the differences in emission spectra between various
BODIPY-tagged lipids is not known. Similar as here for
BODIPY-tagged cholesterol probes, no red-shifted emis-
sion could be detected in a recent study for a BODIPY
analog of phosphatidylserine (27). In the absorption spec-
trum of B-Chol, we previously found a characteristic
peak at 554 nm above the self-quenching probe concentra-
tion (12). This is characteristic for dark ground state dimers
(excitons), which efficiently lower the probe fluorescence
intensity, because fewer molecules become excited by the
incident light. No such absorption peak was found in the
spectrum of B-P-Chol (data not shown), suggesting that
the quenching mechanisms of B-P-Chol and B-Chol are
not identical.Biophysical Journal 105(9) 2082–2092Orientation of B-Chol and B-P-Chol in GUVs
studied by polarization microscopy
An important parameter affecting membrane properties and
fluorescence characteristics of any lipid probe is the molec-
ular orientation of the attached fluorophore. For example,
NBD-tagged phospholipids and sterols show artificially
low membrane packing because of back-looping of the
NBD moiety to the bilayer-water interface (28). The degree
of this interfacial orientation of the NBD moiety was found
to depend on the lipid composition and phase state of the
bilayer (29). Fluorescence polarization microscopy is a
well-known method to determine probe orientation in model
and cell membranes. Use of two-photon excitation has
several advantages for this purpose, including less scat-
tering, intrinsic sectioning capability with ~300 and
~800 nm lateral and axial resolution, respectively, and, as
we showed recently, high photostability of BODIPY-tagged
cholesterol, making long-term observation and acquisition
of several hundred frames without detectable photobleach-
ing possible (17). For rod-like molecules (such as most laser
dyes) the excitation probability is proportional to cos4 of the
angle between the polarization plane of the excitation light
and the main transition moment of the fluorophore. This
gives a much higher extinction of the fluorophore than
that found using single photon excitation, where the excita-
tion probability is proportional to cos2 (30,31). By rotating
the polarization plane of the incident light given by a femto-
second pulsed infrared laser over a full circle, we imaged
B-Chol and B-P-Chol in GUVs prepared from POPC by
polarized two-photon excitation microscopy (Fig. 2).
Clearly, fluorescence of B-Chol follows the orientation of
the incident light vector, E, and is maximal when the inci-
dent light is oriented approximately parallel to the bilayer
plane (Fig. 2 A; white arrows indicate the orientation of
the incident light). A plot of fluorescence versus orientation
of the incident light for a selected area on the top of the
GUVs (white box in Fig. 2 A) shows two major peaks at
~00 and ~180, respectively, and two minor peaks shifted
by 90 relative to the large peaks (Fig. 2 C, blue symbols).
Assuming a cosine4 dependence, we fit the data to a two-
component nonlinear cosine function of the form:
FðqÞ ¼ A1 , cos

q q10
4 þ A2 , cos

q q20
4 þ F0: (1)
Here, q is the rotation angle for the incident linearly polar-
ized light vector, E; A1,2 are the peak amplitudes of the
measured fluorescence and q10; q
2
0 describe the orientation
of the major fluorophore transition relative to the excitation
vector, E. The term F0 describes background fluorescence or
detector offset. We found that this function accurately de-
scribes the data (Fig. 2 C, blue straight line), whereas one
with only one nonlinear cosine function missed the small
peak (Fig. 2 C, blue dashed line). The dependence of B-P-
Chol’s fluorescence on the orientation of the incident light
FIGURE 2 Two-photon fluorescence polarimetry of BODIPYorientation
in model membranes. GUVs made of POPC and either B-Chol (A) or B-P-
Chol (B) in mol percentages of 99:1 were imaged on a two-photon micro-
scope with 10 rotation of the incident linearly polarized electric field
vector, E. The start position of E is horizontal, as indicated in the most
left panel of B. Fluorescence intensities of both BODIPY-cholesterol probes
were color-coded using a FIRE look-up table with high intensities in
yellow/white and low intensities in blue. (C) Emission intensities were
recorded for the small ROI on top of the GUVs (rectangular white box in
panels A, B) for B-Chol (blue symbols) and B-P-Chol (red symbols) as a
function of the orientation of E. The straight blue and red lines show a fit
of the data to Eq. 1. The dashed lines show a fit to Eq. 1 with the second
amplitude, A2 set to zero. (D) Fluorescence response of B-Chol (blue
symbols – data, blue straight line, fit to Eq. 1 with A2 ¼ 0) and B-P-Chol
(red symbols – data, red straight line, fit to Eq. 1 with A2 ¼ 0) in
GUVs made of POPC, cholesterol (80:20 mol percentages). Scale bar ¼
5 mm.
Dynamics of BODIPY-Cholesterol Probes 2085is much less pronounced (Fig. 2, B and C, red symbols). This
can be inferred from the much lower amplitude of fluores-
cence peaks compared to B-Chol (note that we verified inde-
pendently, that the same amount of fluorophore was
incorporated into both types of GUVs). The data for B-P-
Chol were also accurately described by the model shown
in Eq. 1 with peaks at the same orientations of incident light
as found for B-Chol (i.e., 1.: 0–5; 2.: ~90; 3.: 180–190;4.: ~270). However, the first and fourth peaks were much
smaller than for B-Chol and of comparable height as the
other two peaks. Thus, we found four maxima of fluores-
cence for comparable orientations of incident light for
both BODIPY-tagged cholesterols in GUVs made of only
POPC. The major difference is the fluorescence amplitude,
which is large only for B-Chol’s first and third fluorescence
peak (i.e., at ~00 and ~180). We can conclude that B-Chol
gets preferentially excited when the incident light vector, E,
is parallel to the major transition axis in the BODIPY-moi-
ety in B-Chol lying almost parallel to the bilayer normal in
POPC membranes.
When cholesterol is added to a fluid membrane, the phos-
pholipid acyl chains become ordered and more tightly
packed. To test this influence on our fluorescent sterol
probes, we performed the same measurements in POPC li-
posomes containing 30 mol % cholesterol. We observed a
strong increase in the fluorescence amplitudes of the first
and third peak for B-Chol (i.e., at ~00 and ~180), although
the second and fourth peak disappeared (Fig. 2 D, blue
symbols). Fitting this data to the model in Eq. 1 revealed
that one cosine4 component is sufficient to describe the
data, whereas adding the second term did not yield any
improvement in fit quality (Fig. 2 D, dashed and straight
blue line, lying on top of each other). From that fit, one
can retrieve a mean orientation value but no information
about the orientation strength of the fluorescent moieties.
The latter can be inferred from a modified equation, where
the fluorophore orientation is assumed to be normal distrib-
uted around its mean value q0 with a standard deviation s.
For two-photon excitation and one dominant probe orienta-
tion this gives the following expression for the fluorescence
response (with the same notation as above, see the Support-
ing Material for derivation):
FðqÞ ¼ 3 ,A1
8
þ A1
2
, cos

2q 2q10

, exp
2s2
þA1
8
, cos

4q 4q10

, exp
8s2þ F0:
(2)
Fitting this function to the data of both BODIPY-tagged
cholesterols in GUVs made of POPC/cholesterol gave a
mean orientation of q0 ¼ 10 5 0.08 0 and q0 ¼ 98.8 5
0.3 0 relative to the incident field (i.e., perpendicular to
the bilayer normal, see arrows in Fig. 2) for B-Chol and
B-P-Chol, respectively (Fig. S1). The larger angle variation
for B-P-Chol reflects the fact that the orientation strength of
this cholesterol analog is significantly lower compared to
B-Chol.
In two-photon excitation the transition moment is not a
3-component vector (as found for the one-photon case) but
a 3  3 absorption tensor, because two absorption events
have to take place simultaneously. The shape of this tensor
is determined by the molecular geometry and sets the limits
of observable polarized absorption. If this tensor is highlyBiophysical Journal 105(9) 2082–2092
2086 Solanko et al.asymmetricwith only xx-elements being nonzero (defined by
Cartesian indices along the molecule long axis), the photose-
lection ismore pronounced than in one-photon excitation and
follows a cos4-law. This is strictly speaking only found in rod-
likemolecules, such as linear polyenes,where each of the two
photons uses a transition moment in the same direction
(30,32). The BODIPY moiety belongs to the C2 molecular
symmetry group and therefore has two perpendicular orienta-
tions of preferred absorption (33). We found, however, only
one dominating orientation inmembranes condensed by add-
ing cholesterol, and the cos4-function was able to fit the fluo-
rescence response exactly (Fig. 2 D). For that reason and the
sake of simplicity of the mathematical treatment of the data,
we assumed only one transition moment in our analysis, as
suggested previously for the BODIPY fluorophore (32) as
well as for other not strictly rod-like probe molecules (34).FIGURE 3 Two-photon fluorescence polarimetry of B-Chol in the PM of
BHK cells. BHK cells were labeled with B-Chol from a B-Chol-CD
complex as described in the Supporting Material. Cells were imaged on a
two-photon microscope with 10 rotation of the incident linearly polarized
electric field vector, E. The start position of E is horizontal, as indicated in
the legend to Fig. 2 B. (A and B) Show the color-coded (A) and vector-coded
(B) presentation of the fluorescence response for intact cells. For C and D,
cells were treated with 20 mM cytochalasin D for 30 min to disrupt the actin
and induce bleb formation. The color-coded (C) and vector-coded (D)
presentation of the fluorescence response is shown for a representative
bleb. (E) Emission intensities were recorded for the small ROI on top of
another cytochalasin-treated cell labeled with B-Chol (blue symbols) as a
function of the orientation of E. The straight blue line shows a fit of the
data to Eq. 2. Scale bar ¼ 5 mm.Orientation of B-Chol and B-P-Chol in cell
membranes
We explored the photoselection effect further to determine
the orientation of the BODIPY fluorophore attached to
cholesterol in the PM of BHK cells. By rotating the electric
field vector of the incident light around an axis perpendic-
ular to the image (xy-) plane, we found that emission of
B-Chol in plane membrane regions exactly followed the
rotating excitation field. Due to the complex topography
of cellular membranes, we have implemented a pixel-based
analysis of the fluorescence response for this data (for de-
tails of that method, see the Supporting Material and
(35)). Briefly, the orientation-dependent fluorescence is de-
composed into Fourier components, and two ways of ex-
pressing the extracted physical parameters were used in
images of GUVs (Fig. S2) and of cells (Fig. 3, Fig. S3
and Fig. S5). In the color-coded representation, the phase
of the fluorescence response relative to the rotating incident
vector is translated into probe orientation and expressed in
the hue, saturation, and value color model (Fig. 3, A and
C; see Fig. S2 C for the color legend). In the vector-coded
representation, the amplitude (i.e., orientation strength)
and phase (i.e., orientation angle) of the probe relative to
the incident light vector are given as length and direction
of small blue lines in each pixel position (e.g., in Fig. 3, B
and D). Using this analysis, we found that the BODIPY
group is oriented perpendicular to the bilayer normal for
B-Chol in straight regions of the PM of living BHK cells
(Fig. 3, A and B, and Fig. S3). In contrast, in regions with
high surface ruffling, as on cell edges and surface protru-
sions, the fluorescence response to the rotating excitation
vector was low. To determine whether this is a consequence
of the local surface curvature or caused by a second popula-
tion of nonoriented B-Chol molecules, we studied the fluo-
rescence response in cells with disrupted actin cytoskeleton
(Fig. 3, C and D). Treatment of cells for 30 min with 20 mM
cytochalasin D induced formation of membrane blebs (3),Biophysical Journal 105(9) 2082–2092and we found that the fluorescence response of B-Chol in
these blebs is comparable to that in GUVs made of POPC/
cholesterol (compare Fig. S2 A and Fig. 3, C and D).
Extracting the intensity of B-Chol emission as a function
of the orientation of the incident field for a representative
cytochalasin-treated cell and fitting the fluorescence
FIGURE 4 FRAP measurement of B-Chol and B-P-Chol in the PM of
BHK-cells. FRAP experiments were performed on a Zeiss LSM510
confocal microscope in living BHK cells, as described in the Supporting
Material. (A) Fluorescence recovery curves for FRAP in a circular ROI
with radius r ¼ 2.8 mm for both BODIPY-cholesterol analogs. Black and
gray symbols show the mean of five measurements for B-Chol and B-P-
Chol, respectively. The black and gray lines show the fit of Eq. S2 for
B-Chol and B-P-Chol, respectively. (B) The FRAP experiment was per-
formed for circular ROIs with radii of 1.8 and 2.8 mm. The bar plot shows
the diffusion constants for the B-Chol (black) and B-P-Chol (gray) for each
experiment with error bars of5 one standard error.
Dynamics of BODIPY-Cholesterol Probes 2087response to Eq. 2 gave a mean orientation of q0 ¼ 6.21 5
0.221 0 (Fig. 3 E). From this result it can be concluded
that the angle and strength of the orientation of the BODIPY
moiety in B-Chol in cell membranes is comparable to that
determined for GUVs containing 30 mol % cholesterol
with a strongly confined, almost perpendicular orientation
of the flurophore relative to the bilayer normal. In highly
convoluted surface regions the orientation of the BODIPY
flurophore attached to cholesterol’s side chain seems to
have no preferred direction but follows the rough surface
topography, as also confirmed in measurements of the
same cell at varying focus positions (see Fig. S3). Accord-
ingly, in ruffles there is no preferred direction in which
the incident excitation light can excite B-Chol, resulting in
small, randomly oriented molecular directors c. By two-
photon time-lapse microscopy, we observed that surface
ruffles containing B-Chol are dynamic entities constantly
protruding and retracting, thereby changing the local surface
topology on a timescale of several minutes (see Fig. S4).
When doing the same polarization measurements with
B-P-Chol, we found a very low fluorescence response to
the rotating incident excitation vector as concluded from
the vector- and color-coded representation (Fig. S5). There
was a slight tendency toward an orientation of the
BODIPY-group of B-P-Chol parallel to the membrane
normal, especially after actin disruption (compare Fig. S5
A, B and C, D). This result is again largely in agreement
with the data of B-P-Chol orientation in GUVs prepared
from POPC/cholesterol. It suggests some alignment of the
fluorophore in B-P-Chol with the direction of the fatty
acyl chains (compare Fig. S2 and Fig. S5). We conclude
that the fluorescent moiety in B-P-Chol experiences much
less structural confinement in model and cell membranes
than the BODIPY group in B-Chol.Diffusion of B-Chol and B-P-Chol in model and
cell membranes measured by FRAP and FCS
To test whether the angle and strength of fluorophore orien-
tation in the two BODIPY-tagged cholesterol probes affect
their lateral diffusion, we first performed FRAP measure-
ments in the PM of BHK cells labeled with either B-Chol
or B-P-Chol (Fig. 4). In the FRAP experiment a region of
interest (ROI) in the PM is bleached and the fluorescence re-
covery is imaged over time. For a detailed FRAP protocol
see the Supporting Material. Fig. 4 A shows the mean of
five fluorescence recovery curves for a circular ROI with
radius 2.8 mm and the fits of Eq. S2 in blue and red for
B-Chol and B-P-Chol, respectively. If the diffusing probes
are not trapped in microscopic domains of the PM, the
size of the bleached area should not affect the diffusion con-
stant (36,37). To test this, we performed FRAP experiments
with ROIs with radii of 1.8 and 2.8 mm, respectively. As
shown in Fig. 4 B, the size of the bleach ROI had no effect
on the measured diffusion constants, whereas B-P-Choldiffused almost twice as fast as B-Chol, i.e., DB-P-Chol ¼
0.8–1.0 mm2/s compared to DB-Chol ¼ 0.5 mm2/s.
BODIPY-tagged cholesterol including B-Chol has been
shown to move by vesicular and nonvesicular transport be-
tween PM and intracellular compartments (12,17). During
the laser-based bleaching in a FRAP experiment on a
confocal microscope significant photodestruction takes
place above and below the focal plane (38). For example,
we have recently shown in experiments on fixed cells and
in three-dimensional reaction-diffusion simulations that a
63 objective with NA ¼ 1.4 as used here causes photo-
bleaching in a cone shape up to several micrometers beyond
the depth of field (see Fig. S2 and S3 in (39)). Because
B-Chol diffuses rather slowly in the cytoplasm of mamma-
lian cells (17), it could become necessary to include a cyto-
plasmic diffusion term into the FRAP analysis. To do so, we
have applied the extended FRAP model developed by Ber-
kovich et al. (40) and found an almost identical goodness
of fit as with the simple FRAP model (not shown). However,Biophysical Journal 105(9) 2082–2092
2088 Solanko et al.the estimated parameters including diffusion constants in
the PM and cytoplasm and the on-/off-rates between both
compartments were associated with a large uncertainty,
which led us to conclude that the simple FRAP model given
in Eq. S2 is sufficient to accurately describe movement of
BODIPY-tagged cholesterol probes in the PM of BHK cells.
To determine the lateral mobility of both BODIPY-tagged
cholesterol probes in lipid membranes in more detail, we
used FCS. FCS measures the mean transit time of single
molecules diffusing through a confocal observation volume.
The lateral diffusion constant of the probe can be calculated
with high statistical precision by FCS when the size of the
confocal volume is known. To determine if the different
molecular orientations of B-Chol and B-P-Chol are reflected
in the lateral diffusion of both sterol probes, we conducted
FCS measurements in model membranes and in live cell
membranes (Fig. 5 A). We obtained a lateral diffusion con-
stant of D ¼ 3.2 mm2/s for both probes in cholesterol free
supported DOPC membranes. In supported membranes
made of POPC and 30 mol % cholesterol the lateral diffu-
sion of both cholesterol probes was reduced by a factor of
1.9 to D ¼ 1.7 mm2/s. Again, as for the cholesterol-free
membranes, we found no significant difference in lateral
mobility between the two sterol probes. Finally, we incorpo-
rated B-Chol and B-P-Chol in the PM of cultured Vero
epithelial kidney cells and determined the lateral diffusion
constant with FCS. In agreement with the FRAP experi-
ments in BHK-cells, we found that B-P-Chol diffused
significantly faster with DB-P-Chol ¼ 2.6 mm2/s compared
to B-Chol, which diffused with DB-Chol ¼ 1.7 mm2/s.
Although the difference in diffusion constants DB-P-Chol/
DB-P-Chol z 1.6 was roughly the same in BHK and Vero
cells, the absolute values differed by a factor of ~3–3.5.
This is not surprising, because the absolute diffusion con-
stants can vary between different cell types (5). Even though
we performed FCS measurement as soon as possible after
staining the PM (2–5 min), we observed that a fraction of
the probes had already entered the cytosol of the cells. To
exclude the possibility that the difference in lateral diffusion
of the two cholesterol analogs was caused by a different par-
titioning into the cytoplasm or organelle membranes, we
produced PM sheets removing the cytosol and inner mem-
branes. In membrane sheets the difference in lateral diffu-
sion of the two cholesterol analogs was in the same range
as measured in the PM of intact living cells (see Fig. S6).
This supports the conclusion that B-P-Chol indeed moves
significantly faster in the PM compared to B-Chol and rules
out that a cytoplasmic component of sterol diffusion con-
tributes to the measured differences in PM diffusion.Probing anomalies in lateral diffusion of B-Chol
and B-P-Chol in cell membranes with STED-FCS
To test whether the observed difference between the lateral
diffusion of B-Chol and B-P-Chol in the PM (FRAP andBiophysical Journal 105(9) 2082–2092confocal FCS) was caused by anomalous subdiffusion pro-
cesses, for example due to transient trapping of the sterols
in subregions of the PM, we applied superresolution
STED-FCS (22,23,41). Applying FCS on a STED micro-
scope allows determination of the values of the apparent
diffusion coefficient D for different observation spot sizes
(tuned for example by the intensity of the STED laser)
below the diffraction limit of ~200 nm of conventional
optical microscopy (5,23,41). The dependency of D on the
diameter d of the observation spots indicates whether diffu-
sion is hindered or not (5,41,42). Constant values of D(d)
demonstrate free Brownian diffusion, although a decrease
of D toward smaller observation sizes shows hindered diffu-
sion, for example, due to transient interactions with rela-
tively slow moving or immobilized molecules (trapping)
(5,43). In our measurements we used a continuous-wave
577 nm STED laser. We set the power of the STED laser
to 80 mW and varied the size of the observation spot by
gated STED-FCS. In gated STED-FCS, the combination
of pulsed excitation and gated detection realizes a reduction
of the diameter d of the effective observation spot with
increasing temporal shift of the detection window (time
gate) with respect to the excitation pulse (44). We first
checked whether gated STED-FCS is applicable to the
Bodipy-cholesterol probes. To this end, we determined the
average transit time of both, B-Chol and B-P-Chol, diffusing
in supported lipid bilayers made of POPC þ 30 mol %
cholesterol for different time gates (Fig. 5 C). We could
clearly observe a reduction of the transit time with gating
position, allowing us to calibrate the dependency of the
effective diameter d of the observation spot on the time
gate, which was the same for both B-Chol and B-P-Chol.
Next, we determined the dependency D(d) for both
cholesterol analogs in the PM of Vero cells from diffrac-
tion-limited d ¼ 190 nm down to d ¼ 80 nm (Fig. 5 E).
Interestingly, the dependency D(d) was almost constant
for both analogs, indicating close to free diffusion with
only weak transient interactions (or trapping). Accordingly,
the difference in lateral diffusion between the probes re-
mained constant when the observation area was decreased,
with B-P-Chol diffusing 1.7-fold faster than B-Chol.
Furthermore, as shown in Fig. 5 C, the extrapolated inter-
cept of the mean transit time for focal areas/ 0 mm was
close to zero for B-Chol and B-P-Chol in accordance with
free diffusion of both Bodipy-cholesterol probes (42).
Thus, the STED-FCS results show that the difference in
lateral diffusion between B-P-Chol and B-Chol is not
caused by anomalous subdiffusion processes due to tran-
sient molecular interactions.DISCUSSION
In this study, we introduced a BODIPY-tagged cholesterol
analog with the dye being attached to the cholesterol side
chain via one of BODIPY’s pyrrole rings (B-P-Chol,
Dynamics of BODIPY-Cholesterol Probes 2089Fig. 1 B). We demonstrated by two-photon fluorescence
polarimetry that the fluorophore in B-P-Chol had a tendency
to be aligned along the fatty acyl chains in both, cholesterol
containing model membranes and in cell membranes
(compare Fig. 2 B and Figs. S4, S5). In contrast, B-Chol,
the classical BODIPY-tagged cholesterol in which the fluo-
rophore is attached via the meso-carbon of the dipyrrome-
thene moiety to cholesterol’s side chain, was found to
orient its fluorescent group perpendicular to the fatty acyl
chains with a much stronger confinement than B-P-Chol
in both model and cell membranes (compare Figs. 2 and 3
with Fig. S2 and Fig. S3). The difference in orientation of
both probes was not found in cholesterol-free model mem-
branes (see Fig. 2), where B-P-Chol and B-Chol showed a
bimodal distribution, as previously reported for other
BODIPY-tagged lipid probes (45,46). Interestingly, recent
MD simulations also found a perpendicular orientation of
the BODIPY moiety of B-Chol in DPPC bilayers with an
additional small population of back-looped fluorophores
oriented almost parallel to the membrane normal (10).
Time-resolved anisotropy measurements of B-Chol in
GUVs have confirmed an orientation of the BODIPY group
perpendicular to the membrane normal (13). Additionally,
the fluorescence anisotropy of B-Chol showed a multiexpo-
nential decay pattern in these measurements, which was
likely due to several rotational modes of the sterol probe
in the bilayer (13). B-Chol distends its fluorophore toward
the center of the bilayer, as shown by quenching experi-
ments with spin labels as well as by 2H-NOESY NMR ex-
periments (47). Interestingly, despite its preferred partition
into the cholesterol-induced lo phase (see Fig. 1, C and D,
and (12–15)), B-Chol did not induce acyl-chain ordering
in liposomes in a comparable manner to cholesterol (47).
The attached BODIPY moiety will likely slow down the
rotation of cholesterol’s alkyl chain from a mean correlation
time of <1 ns (48) to at least 5 ns (13). This will clearly
affect some of the physico-chemical properties of the linked
cholesterol. Based on our two photon polarimetry experi-
ments, we propose that the BODIPY moiety in B-Chol
occupies more space perpendicular to the bilayer normal,
which is why it is sterically hindered in its movement and
thereby more confined than that of B-P-Chol. A larger
free volume for the BODIPY moiety in B-P-Chol is sug-
gested by the lower fluorescence response in the two-photon
polarimetry measurements and by the higher onset of fluo-
rophore self-quenching in liposomes for B-P-Chol (i.e.,
10 mol %, Fig. 1, D and E), than for B-Chol (i.e., 3 mol
% (12)). One can therefore speculate that the sterol orienta-
tion in B-P-Chol is less disturbed by the attached fluoro-
phore than in B-Chol. Consequently, the sterol might be
less tilted favoring a more cholesterol-like behavior for
B-P-Chol than for B-Chol. Surprisingly, the high protein
density in the PM did not change the relative orientation
of the BODIPY group in the cholesterol analogs compared
to protein free model membranes. This, however, does notexclude the possibility that the rotational dynamics of the
BODIPY moiety is different in the protein containing PM
compared to model membranes for both cholesterol probes,
something which might be explored in future systematic
studies (13,47).
The different orientation of the BODIPY-fluorophore did
not affect the lateral diffusion of both sterol analogs in
model membranes. In supported model membranes made
of POPC and 30 mol % cholesterol, the lateral diffusion
of both cholesterol probes measured by FCS was compara-
ble and reduced by almost twofold compared to membranes
made of DOPC without cholesterol (see Fig. 5 A). For
B-Chol, this is in line with earlier FCS measurements on
GUVs showing that the analog diffuses significantly slower
in the cholesterol-rich lo phase (i.e., 4.98 mm
2/s) compared
to the cholesterol-poor ld phase (i.e., 7.23 mm
2/s) (13).
Although the lipid composition of the GUVs differed some-
how in the study by Ariola et al. from that used here (i.e.,
ternary mixtures of DOPC/SM/cholesterol were used in
the study by Ariola et al. (13)), the overall faster diffusion
of B-Chol in GUVs in that study compared to our experi-
ments with supported bilayers is likely a consequence of
the friction induced by the solid support when using sup-
ported membranes, as thoroughly studied previously (49).
The different orientation of the BODIPY-fluorophore had
a profound effect on the motion of both BODIPY-choles-
terol probes in the PM of living cells. Using FRAP and
FCS in two different cell types (Vero and BHK cells), we
found a 1.5- to 1.8-fold slower diffusion for B-P-Chol
compared to B-Chol (see Figs. 4 and 5). Furthermore,
STED-FCS measurements confirmed the results obtained
by FRAP and FCS and showed that lateral diffusion of
B-Chol and B-P-Chol was not hindered in the PM (see
Fig. 5, C and D, and Fig. S6). The observed relatively free
diffusion of the cholesterol analogs is surprising, because
cholesterol is supposed to be highly interactive in the PM
of living cells, facilitating various molecular interactions
(2,5,41). Either the fluorescent BODIPY-tagged analogs,
in contrast to their endogenous counterparts, were not
involved in such complexes or the transient interactions of
cholesterol are weak and characterized by large off-rates
compared to on-rates resulting in almost constant D(d) de-
pendencies, as previously determined for fluorescent phos-
phoethanolamine lipids using STED-FCS (5,41). In fact, it
has been shown in simulations, that equilibration of a
diffusing species between a finite hierarchy of binders will
result in normal diffusion at all timescales (43). However,
given that both sterol probes diffuse freely in the PM of
living cells, why is there a difference in diffusion constants?
In general, lateral diffusion of lipids and small hydrophobic
molecules in membranes has been described in the frame-
work of the free volume theory first proposed by Cohen
and Turnbull (50), later extended by Macedo and Litovitz
by taking Eyrings transition state theory into account (51)
and applied in the context of lipid membranes by Almeida,Biophysical Journal 105(9) 2082–2092
FIGURE 5 FCS and STED-FCS of B-Chol and
B-P-Chol in model and cell membranes. (A) Diffu-
sion coefficients D of B-Chol and B-P-Chol in sup-
ported lipid bilayers (DOPC: one-component
DOPC; POPC þ 30% Chol: two-component sys-
tem POPC and 30 mol% cholesterol) and in the
PM of living Vero cells (PM-Vero-Cells) as deter-
mined by (confocal) FCS. (B) Confocal fluores-
cence scanning image of a Vero cell labeled with
B-P-Chol (upper panel: xy scan; lower panel: xz
scan). (C and D) STED-FCS data of B-Chol (red)
and B-P-Chol (black) diffusion in the PM of living
Vero cells: average transit time through the obser-
vation spot (C) and apparent diffusion coefficient
D (D) determined from FCS measurements at
different sizes of the observation spot (C, area
and D, diameter d). A linear transit-time (area)
dependency and constantD(d) values reveal almost
free diffusion of both probes with absolute value of
D indicated in the panels.
2090 Solanko et al.Vaz, and co-workers (52). Using FCS, the dependence of
lateral diffusion coefficients of fluorescent lipid probes on
the mean molecular area has been verified in phospholipid
monolayers even in quantitative agreement with the free
volume theory (53). The basic idea of the free volume model
is that diffusing probes can only step forward from their
initial position (i.e., hop), if i), sufficient free volume in
the bilayer is transiently generated by thermally or other-
wise driven local density fluctuations and ii), the diffusing
molecule acquires enough energy to break away its immedi-
ate neighbors (54). Because both BODIPY-tagged sterols
move freely in the PM, we assume that the second condition
is fulfilled for B-Chol and B-P-Chol. Recent extensions of
this model suggested by MD simulations take the highly
heterogeneous lateral pressure profile in membranes into
account (55,56). These simulations show that the free vol-
ume is not isotropically distributed but appears transiently
in the form of ellipsoidal voids mostly oriented along the
fatty acyl chains in a cholesterol-dependent manner
(55,56). Membrane-embedded proteins have been found to
further lower the free volume and to compress the immedi-
ately surrounding bilayer and thereby to lower the diffusion
rates of membrane lipids (57,58). Proteins with hydrophobic
residues exceeding the bilayer thickness can often deform
the bilayer such that it gets locally thicker with a coherence
length of 1.5–2 nm (59). Lipids with longer hydrophobic
tails tend to cluster around such proteins without binding
to them, although at the same time their acyl chains order
underneath the headgroup and disorder close to the bilayerBiophysical Journal 105(9) 2082–2092center (59,60). In addition, extended MD simulations sug-
gest that these annulus lipids correlate their lateral move-
ment with that of the embedded protein and therefore
diffuse much slower than lipids further apart (60,61). In
light of these results, we speculate that B-Chol due to its
BODIPY-moiety stretching into the bilayer center is more
anchored and slightly longer than B-P-Chol. This causes a
higher tendency of B-Chol to occupy places adjacent to
proteins to avoid its hydrophobic mismatch but also to
account for its lower mobility parallel to the bilayer normal
(21). As a consequence, B-Chol comes to diffuse more
frequently in concert with the much larger membrane-
embedded proteins resulting on average in the measured
lower diffusion constant compared to B-P-Chol in the PM.
Further studies involving NMR and fluorescence spectros-
copy as well as simulations of membrane proteins in the
presence of the fluorescent sterols might be useful to explore
this possibility further. Alternatively, it is possible that
B-Chol and B-P-Chol have a different preference for the
outer versus inner leaflet of the PM. The cytoplasmic leaflet
is rich in the aminophospholipids, phosphatidylserine and
phosphatidylethanolamine. The inner leaflet is generally
considered as being more fluid than the outer leaflet; the
latter being more enriched in sphingolipids with saturated
acyl chains (62). Accordingly, the outer leaflet is likely
more packed and lateral diffusion of lipids including sterols
should be faster in the inner leaflet of the PM. Both predic-
tions have been confirmed in model membrane systems
mimicking the outer and inner leaflet lipid composition,
Dynamics of BODIPY-Cholesterol Probes 2091respectively (63–65). Interestingly, the intrinsically fluores-
cent close cholesterol mimics DHE and CTL have been
found to reside mostly in the cytoplasmic leaflet of the
PM in fibroblasts and macrophages (66–68). By assuming
that B-P-Chol is more enriched in the inner leaflet of the
PM than B-Chol, one can easily explain its faster diffusion
in the PM and PM sheets compared to B-Chol. Different
transbilayer distribution of both BODIPY-cholesterol ana-
logs could even explain why B-P-Chol diffuses faster in
the PM than in model membranes containing cholesterol
(see Fig. 5 A). Future studies in our lab will focus on deter-
mining the transbilayer distribution and mobility of B-Chol
and B-P-Chol in living cells.SUPPORTING MATERIAL
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